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Theres is & iviiaite see. lor injoyvmatioa on retat- 
img stall, AMhough some investigations have Suen mae oo cae 
taoe¢ ane audal cempreascra, weary law investigations have been 
made with conteiisygal comproséeors, /urther, the grasent theory 
opecernbag tae .auees of rotating stall are still somewhat seou~ 
lous. Thereiore, iuvestigations were carried owt with a centrii- 
agal vanes diliaser. 


The flew ia the centrijagel vane: diiiceer was etuc- 
fed with barter titemate crystals anc taits. The masa ilow, pres- 
gare, Velocity, sollcity iactor, aegle of attack and blade types oere 
varies in the teat section is urcer tv obtais os muck information ae 
possible, 


Ne vetating stall wae en< eunters< at any of the cemdld~ 
Hone investigates. we tv the resalte of theve euperimeants, it wae 
éechoes that the prewent theory is incempleis,. Ascommensed ivture 
investigations showls be bese: 


{l) « dimensional amaly sie etta.k on the 
probvleas, 


Thesis Supervisor: 


(2) The stady of the flow io « ceatrifugal 
didiueer with ilat plates. cach plate 
should be out of the stalled region of 
adjacent plates, 


(3) The study of rotating stall ee produced 
by the British in one of the references. 


(4) The further study of the flow in a cen- 
tetiugal compresser with blades of 
gentle stall characteristics, 
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INVESTIGATION OF ROTATING STALL IN A CENTRIFUGAL 
VANED DIP FUSER 


DEFINITIONS USED IN THIS THESIS: 

ROTATING STALL -- Intermittent partial or complete stalling of 
one or more dDlade passages of a compressor wherein 
the stalled portion rotates around the wheel in a tan- 
gential direction and the flow far upstream and far 
downstream of the wheel is unaffected. 

STALL-FLUTTER -- Self-excited vibration of blades together with 
stall, such that there is coupling or feeuback from 
flutter to stalling anc unstalling, and from stalling and 
unstalling to flutter, 

SURGE -- An audible pulsation of compressor pressure rise ana 
weight-flow rate, wherein the flow far downstream anc 
far upstream oi the wheel has the same periodic pulea- 


tions of flow as are heard at the compressor, 
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I. INTRODUCTION 


Recent investigations have shown that malfunctioning 
and structural failure of compressors, formerly attributed to stall- 
flutter anc surge, have indees been caused by rotating stall. 

Stall-flutter has been investigated by Sisto, Rei. 1 
and Schnittger, Rei. 2. More recently, Emmons in Refi. 3 has in- 
vestigated compressor surge and stall phenomena. Huppert and 
Benser in Rei. 4 show the results of studying rotating stall in an 
axial compressor. 

The more recent investigations have shown that some 
compressor acceleration difficulties are attributable to rotating 
stall. Even more important, blade failures and complete struc- 
tural failures have resulted from rotating stali. 

lt is imperative, therefore, to know when, where, 
and uncer what conditions rotating stall will occur. 

Present knowledge of rotating stall consists of: 

(i) its definition. 

(2) Observed tests in cascades and axial com- 
pressors -- both single anc multi-staged. 

(3) The not disproven theory that rotating 
stall is due to inertia effects of air flow 


in the passages and a time lag from 
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blade stall until the apstream fluid feels 
the effect of that stall. 

There is a dearth of material regarding rotating 
stail in centrifugal machines, although the Britich report one in- 
stance of itin Rel, 5. In an effort to accumulate evidence for 
more analytical studies, the flow through a centrifugal vaned dii- 
fuser wae observed in this study. Conditions of angle-of-~attack, 
mass flow, pressure in the passages, velocity, solidity factor and 
blade types were varied during this investigations. 

The breac purposes oi this thesia are two-fold: 

{l) Teo veriiy or nullify present theory as to 
the aature of retating stall by the study of 
centrifugal flow and sussequent compari - 
vou with axial flow and casiade iata, 

(2) Ts prepare the grouncwork for Jutare 
avelydcal er laboratery studies of the 
phenomena, and to indi. ate the lesires 
Jirection for these future investigations, 
by # cumulatios of wate concerning rotat- 


ing stall. 


The investigation was accomplishes by two postgradu- 


ate students at M.1.7.: Lt. Prank T. Hemler, U, 3. Navy, 
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Sttaches te the U.S, Naval is vetyracusic scaoul program, an. 
Calvin ¥. Sing, both of whom were worsning toweras theis Science 
Master degrée in Aevunauii.al Cogascering. Tae lavestigauions 
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lug tae perio. of September 19535 through May Lyd. 
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The Centrifugal Vaned Diffuser 


The major component uaed in these tests was a cen-~- 
trifagal vened aiifuser, This type of diffuser was studied rather 
than a cascade in order to allow the flow to reenter upon itself. 
Further, a cascade study would not maintain the desired condi- 
tions long enough for full investigation. The exterior of the set- 
up ae used in M.1,T,‘'s Gas Turbine Laboratory is shown in Figs. 
Land 2. 

Construction details of the centrifugal diffuser used 
can be found in Appendix A. Aas cam be seen in Appendix A and 
Fig. t, it ie possible to vary the angle of flow. 

The angle of flow as used in this report is that angle 
measured between the flow and a tangent to the inlet circle of the 
diffuser section. Rotation of the nous le blades varics the depart- 
ing flow angle from ten degrees to twenty degrees, as shown in 
Fig. 3. Thiea variation allows different angles of attack for the 
stationary teat blades. 

The test blades are permanently in place when once 
inserted in the blade ring. Appendix A and Figs. 4 and 5, show 
that the entire blade ring with blades installed can be removed 


from the test rig. Figs. », 7, and 6 show the blades that were 
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8 
aced in the experiments covered by thie report. The blades them- 
selves are discussed later in this section. The blades shown in 
Fig. 6 were milled ovt of a solid aluminum ring. They are inte- 
gral with the blade ring. The blades shown in Figs. 7 and 8 were 
rmechined individually. After making the blade forma, two holes 
were drilled in the sides, Pins of $29 drill red were inserted into 
these holes with a press fit. Thie left the blades with two pins 
projecting from the sides, es shows in Figs. 7 and &. 

Another blace ring was maie out of steel. Holes 
were drilled inte the stecl blace ring to match the projecting pins 
of the bledes. In thie manner, the blades could be inserted and 
removed at will, but a press fit inaured against aycidental re- 
moval, Also, a6 the test section is brought up flush with the 
cover plate as deecribed in Appentix A, no Mutter of the blades is 
possible. The cover piate and teat section (blades) are held te- 
gether by the force of the thrust nut, 

The angle of attack of the blaces shown in Fig. 7 and 
the angle of incidence of the blades shown in Fig. 8, wae 14.1 and 
1S J¢grees, respectively. These angleée were incorporated in the 
blade cing. The flow angle and the angle of attack (or angle of 


incicen e) were additive as shown ip Appeadix B. 
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Three different sets of blades were used. The first 
set used was the one Shown in Fig. ©. Shape details of this set of 
blades can be found in Fig. 9. These blades are used in the Gen- 
eral Slectric C-l4 diffuser. The second set of blaces were blades 
of the form NACA 6$-(12) bo transformed from rectangular cascaije 
form te a circular diffuser cascade. Vig. 7 shows the transiormes 
blades. Appendix & shows how the rectangular cascaue was trans~- 
formed into the circular diijauser by means oi conformal tranailor - 
mation, Kei. 6 gives a development of the method and equations 
used in this conformal transiormation. The third set of blades 
were flat plates as shown in Fig. 8. These flat plates were milled 


with all edges sharp. 


The Gas Turbine Laboratory anu facilities 
The Gas Turbine Laboratory is an integral part of 


M.1.7., situated on ite campus in Cambridge, Massachusetts. 
One part of this laboratory's equipment is a De Lavai Air Com- 
preséor made by the De Laval Steam Turbine Co., Trenton, N. J. 
This compressor is run by a General Electric 4.c. moter, The 
cempressor is rated at 15, $00 cuft per mimute aischarge, 5.33 
psia euction pressure, bo. 0 psia discharge pressure, 700 brake 
horsepower, at a compressor speed of 4060 RPM. Fig. Wisa 


line diagram oi the test set-up, showing necessary valves, gauges 
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8 
and piping. Lines to and from other equipment serve such things as 
a emall supersonic tunnel, etc. These other pieces of equipment 
were isolated for any run. Gauges and lines necessary to run the 
compressor, but unimportant to the experimenter are not shown 
in Pig. 16. Gauges shown are total temperature and total pressure 


gauges. Lines to and irom the test diffuser are eight inch pipes. 


Instrumentation and Reading of the Teast Set-up 


From the readings of RPM, pressures, and temper- 
atures, it was possible to compute the operating point on the com- 
pressor map shown in Fig. I. Fig. Ul also shows how to compute 
the factors necessary to establish that point. The mass flow and 
the velocity at any point in the test set-up could be computed. 

It was necessary to: (1) distinguish between surge 
and rotating stall, (2) establish the speed of rotation, if rotating 
stall occurred, (3) establish the sive of the rotating stalled re- 
gion and (4) establish the number of stalled regions around the 
diffuser perimeter. It was also desirable to look at the flow in 
the channels in order to obtain some icea of what was happening 
and where. 

The authors decided to meet the first three problems 
by using barium titanate crystals spaced at angles of GO, 72.5, and 


0 cegrees, These angles were chosen to give positive 
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identification of the stalled regions. Sadially, the crystals were 
placed at 8.5 inches, This distance put the crystals in dlede 
paseages near the upstream end of these passages. It also en- 
abled the crystals, which are one-half inch in diameter, to be 
placed so that no blade touched the crystals. 

Sorne tests mace on the crystals by the authors are 
included in Appendix C. Thece test results showed the suitability 
of the crystals for theee experiments. The crystals were pressed 
into brass pluge of three-quarter inch outside diameter, which, in 
turn, were centered at the positions already indicated. Shielded 
leads went from the crystals to a RCA Cathode Ray Oscilloscope 
No. 160-B. The leads were run in parallel. The leade frorm the 
crystal at the 72.5 degree povition were reveresd in polarity for 
further identification. Of the first three problems previously out- 
lined, the set-up ae stated elirninated those problems as follews: 

{l) Rotating stall would appear 2s shown in 
Fig. Wa, while surge would appear ae in 
Fig. 12h. In other words, surge would 
aceur at even intervals, while rotating 
stall would be at uneven intervals, due 
te the arrangement of the crystals. 


{2} Regarding the speed of the stalled re- 
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le 
gion -- should rotating stall be encoun- 
tered, it would be only necessary to im- 
pose a known frequency on the oscille- 
ecope, and measure the ratio between 
the known and unknown, Then, knowing 
the geometry, the speed could be de~ 
termined, 

(3) The sise of the stalled region can be 
measured from the elapsed time for the 
stalled region to pass one crystal, The 
time would be measured by comparison 
with a known frequency. 

in order to solve problem (4) and to observe the flew, 
a 21/2 inch diameter observation plate was made of plexiglass. 
This plate was pierced eccentrically with a wife whick held many 
strings to be used as tufts. The observation plate is shown in 
Fig. 13. A matching hole was drilled in the front cover plate into 
which the observation plate fitted. Fig. | shows the observation 
plate in place, held by a shoulder of the plate and two brackets. 
The eccentricity of the tufts allowed them to be rotated, while the 
blades and back plate could be loosened and rotated. These two 


variables allowed the whole field of the vanelesa diffuser to be 
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ul 
observed. Problem {4) wes solved for slow speed rotation by ob- 
serving the tufts and for high speed rotation by angularity relations 


of the crystals and a known frequency. 


Wi, PROCEDURE 


During the course of these investigations, the 
erystals were polarized twice as described in Appendix ©. This 
was done to keep the cryatale accurate and reliable. Six crystals 
were polericed and three crystals were selected by testing on the 
oscilloscope for equal deflections from a constant tone. The se- 
lected crystals were placed in the brags plugs, and mounted in the 
front plate. An ohmmeter was then used on each of the leads to 
ascertain that there were no shorts and no leads were grounded. 
The leads were hooked to the oscilloscope as shown in Fig. | and 
again checked with an chmmeter, 

The test rig was assembled as shown in Appendix A. 
The tufte were inserted as shown im Fig. 1. A final check with the 
ehmmeter on the crystal leads wae then made. Frior to each run 
the local temperature and barometric pressure were recorded. 
During Bach Run 

Aiter opening the outlet and inlet vaives of the test 


rig, the laboratory mechanic brought the De Laval air compressor 
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12 
up to the desired operating point. This iesived operating poiat 
wae obtained as follows: 

(1) The compressor was brought to an 2PM 
thought te be correct. 

(2) Closing of the atmospheric inlet valve 
isolated the system, 

(3) Readings of R,, B,, T,,. and RPM were 
taken. 

(4) As showa in Appendix D, the actual 
operating point on the compressor map 
was then calculeted. 

(3) From the actual operaling point, adjuat- 


ments were made te the RP si and by- 


pase valve uatil tae desived uperating 
point was ostaines. This was deme by 
trial and ervos, calculating eaca later~ 
me Slate operating point as steady-state 
conditions ware attaine.. 
This desired point was chosen from the compsessor characteristic 
map. The flow angle desired wae set at the test rig. 
The above saith were held while the oscilloscope 


wae aurveyed from five to five thousand cycles. Theu the passages 
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were surveyed with the tufts in the observation plate. 

Maintaining the same operating point on the com- 
pressor map, a different flow angle was selected. Again, survey 
of the oscilloscope ranges and a survey at the blade passages with 
the tufts were made, The same procedure was carried out until 
all the desired flow angles were checked, At this point, another 
operating point on the compressor map was chosen, The same 
procedure outlined above was carried out for the new operating 
point. The above procedure was repeated until all the desired 
operating pointe were checked with each set of blades. 

In order to check on the solidity factor, the runs 
made with 36 of the NACA blades were repeated with every other 
blade removed. 

Aiter each run, when the compressor was shut down, 
the crystal leads were checked with the ohmmeter for continuity. 
Zach crystal was individually checked to make certain it was still 
operating correctly. 

The order of blades used was: 

(i) C~-l4 blades -~- Fig. 6 

(2) NACA blades -- Fig. 7 

(3) Flat plates -~- Fig. & 


Generally speaking, for each set of blades, the 


-ave> oii me integ yabatege erase o63 gainistalee 
yov1we .aisgA .beteeles saw slgas woll jaeteltdh a qem t08907q 
dtiw segseasg bald off t@ yovsue 6 bas eeynat eyqosscliioec at to 

lite we belies saw stuSe0eny Omer dT .shem etew efiet odd 
vedsens Jateg eid! A .bodeeds erew exigas wolt beticed eds is 
- eraae 04T .asaods sew gam wesEewIqmos ed? HO iateg gaknTEqe 
gAeroqge wow eff val 100 Setvise ew sveds benilise embevesq 
bextesd odd Lis Iitay Soteoqet eew etubsse1g sveds sil .tatog 
+29b66 30 S96 does ditw bedoads esew siaieg gaits tego 

saat off ,vesos) yibiles si ao doed> of sebz0 al 
vacde Y1eVe Gtiw delaeqes crew Oubeld ADAK sat le cf dilw sbass 
.bevomet ebald 

27em tede pw toeestqmes od? aedw tnt dose i9dhA 
.(vetians 101 1etscume emi dite vedoed>s stew epee! isteys> edi 
iitte sew #1 aladives odem of booed yYilaubiribal saw lateya> dead 
-Vituette: gaktarsge 

saw Sten eobaeld be ssix0 odT 

& «ght -- sebald 61-9 (i) 

T .gi% -+ esbale ADAM (8) 

8 .9f% <= exdalg taf (<) 

ad? .sobaid lo tee duse vw) .yableaqe Ylareas 


same points on the compressor map were investigated. Table | 
lists the operating pointe used. Slight variations from these 
pointe occurred for two reasons, 

(i) As the nozcle blades were opened or 
closed, the mass flow was altered 
slightly. This altered the pressure 
ratio and mass flow factor. Checking 
on the operating pointe when the nozle 
blades went from full opened to full 
closed altered the operating point so 
little that the change could not be plotted. 

(2) It wae very hard to obtain the exact same 
point in two different runs with the air 
compressor. Arbitrarily, it was de- 
cided that a variation of 0. 025 in the 
mass flow facter and 0, 05 in the pressure 
ratio, om the compressor map, would be 
considered the same point. 

For each operating point, the flow angles set were 
10, 15, and 20 degrees. 
Three “auxiliary" runs were made, One run con- 


sisted of finding what occurred when a blade was set over one of 
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the crystals, The blades were placed over the crystals and the 
oscilloscope patterns were compared with the previous patterns 
when the crystals were in the passage. The second “auxiliary” 
run consisted of investigating the diffuser when the air compressor 
was surging. This operating point is point number nine of Table I. 
The third “auxiliary” run was made from operating point number 
4, with the NACA blades. After the routine surveys, the exhaust 
valve from the test rig was closed down until the main air com- 
pressor surged. A survey was then made with the tufts and 
oscilloscope. 

The original procedural plan of the suthors' was to 
accomplish what is outlined above, until rotating stall was encoun- 
tered. As soon as rotating stall was encountered further testing 
would be in the region of the rotating stall. This investigation 
would include pictures of the oscilloscope, patterns and tape re- 


cordings of any unusual seunds, in addition to that outlined above. 
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IV. RESULTS AND DISCUSSION 


Table I shows the nine operating points that were 


used. Placing these points on the compressor map, Fig. ll, shows 


that the points were chosen for the following reasons: 


(1) 


(2) 


Points |, 2, 3, 4, 6, and 7 are just in- 
side the surge line. This gave the maxi- 
mum usable pressure ratio range from 
the air compressor, 

Points 5 and 8 were chosen to see if there 
were any peculiarity of upstream flow. 
The oscilloscope patterns and tufts 

would then indicate unusual conditions 

or possibly rotating stall In picking 

the points 5 and &, it was appreciated 
that only the pressure ratio should effect 
the test set-up. This is because the 
guide vanes choked with high mass flow. 
This necessitated opening the by-pass 
valve shown in Fig. 10 in order to attain 
points 5 and 8. In effect, the compressor 
operated at points 5 and 8, but the test 


section operated at the same pressure 
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17 
and a lower mags flow. 
(3) Point 9 was chosen to investigate condi- 
tions during mild surge of the compressor. 

Appendix D shows the calculations necessary to de~- 
terrnine an operating point. 

THERE WAS NO INDICATION OF ROTATING STALL 
AT ANY OF THE CONDITIONS INVESTIGATED, 

Stali-flutter was effectively eliminated by the press 
fit of the blades into the blade rings on one edge, and by the iorce 
of the cover plate on the other edge. This system held the blades 
firmly along both edges, as shown in Appendix A. 

Oscilloscope indications consisted mainly of random 
noise. At approximately ¢, 200 cycles a wave of sinusoidal form 
was noted, This wave form was present at every condition inves~- 
tigated. It was not the RPM of the compressor, since this varied. 
This sine wave was probably caused by a whistle in the piping. 
Because of the sinusoidal form, it was concluded that this wave 
had ne bearing on surge or rotating atall. 

Occasionally higher amplitude blips were noted, 
These were infrequent and had no recurrent pattern. 

As shown in Sketch l, the C-l4 blades gave tuit in- 


dications of stalled and unetelled blades as the angle of flow was 
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TUFT INDICATIONS-C 14 BLADES 


SKETCH | 


varied from 10 to 20 degrees, respectively. The flow angle was 
shifted very slowly so that all blades went irom the unatalied to 
the stalled condition. Nothing unusual occurred. The transition 
was quick and positive, regardless of how slowly the angle of 
flow waa altered. While the blades were unstalled, but close to 
the stalling flow angle (approximately fifteen degrees), a brass 
red was inserted into the downstream flow of the nozale blades. 
it was hoped that the wake effect would stall one or more paes-~ 


ages and that rotating stall would occur. it didn't. 
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During the tests with the NACA 65-(12) 10 blades, the 
separsticn point remained very close to 1 1/2 inch from the trail- 
ing edge. It moved forward slightly at a flow angle of 10 degrees, 
but no more than I/4 of aninch. It moved back a like amount at 
20 degrees flow angle. This movement decreased to an impercep- 
tible amount at low mass flows. 

The blade passages were never completely turbulent 
with the NACA 65-(12) 10 blades installed. 

When the solidity factor was varied by reducing the 
number of blades from 36 to I, there was no change in any of the 
foregoing results. 

With the flat plate installation, (even with 16 plates), 
the passages were turbulent all the time. This ie attributable to 
the following sequence of facts: 

(l) The sharp leading e:iges made the separa- 
tion point occur near the leading edge. 

(2) The flow angle was effectively 10 to 20 
degrees. 

(3) (1) and (2) put each succeeding blade in 
the stalled region of the blade ahead of 
it. 


(4) Zach blade and passage then became 


e 

sds anal EOI A CR I, 
-liewt edt mond domi $\J 1 99 eeeto 

weoorged Of to signs wel ta yitdglls Sxswz0) bevess 31 
Ss tavears sill s dond bevom i dont ae to O\I madd 


devtalg &f dstw seve) .noltellezeai stelq ta ods tw 
of sldastodivits ot adtt seu dh Sn atin 90 somnmean 
Bn Sah enon ebealiad oat 
~ sieges a8 ober eeghe paibest quads eds 1) ae 
ephe gaibael vd) nape wwo2e Sale, OB ee. 
06 o6 Gi ylovitosite saw nigne woh ody (3) as 
wnat vein vty AMM 01g tna wae eel 
cacti nsliaeitinsiaiinicii tit wh ldots walt 
te baods sbeld oat bo molgoe bolle et 
ng mn vo Me hee pti enlist abi edb pangeet eae Of 
smaced nds ogsateg ban sbeld dowd (0) cs 


20 
fully turbulent. 
With the flat plates installed, at low mass flow, the 
tufts indicated turbulent flow on the pressure side of the blade, as 


shown in Sketch 2. 


FLOW ANGLE-20° 


TUFT INDICATIONS-FLAT PLATES 
SKETCH 2 


This occurred at a flow angle of ten degrees. This phenomenon 
occurred only once and could not be repeated. No explanation is 


offered for iis occurrence. 
The C-l4 blades were picked for these experiments 


for two major reasons, First, they are in use commercially. 
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21 
Secondly, they were available at the beginning of these tests, 
which meant that the test set-up could be checked quickly as to its 
adequacy for this investigation. In addition, results of C-14 blade 
runs would give seme clue ae to the trend of experiments to be 
followed in the future. 

Upon completion of the investigation of the C-l4 
blades, it was decided to try a NACA 65-(12) 10 blade, This blade 
reputedly had a gentle (¢-~ curve near the stall point, as shown in 
Fig. i4a. This decision involved the present theory of rotating 
stall as explained in Seis. 3 and 4. For clarification, a quick re- 
view of that theory is presented here. 

A rectangular cascade is formed as showa in Fig, 15. 
Assume an angle of attack, as shown, which is just below stalling; 
i.e., any increase in angle of attack will cause stalling. Further 
assume gore small perturbation causes a transitory increase in 
the angle of attack of blade number 2. This causes blade 2 to 
stall, This stalling causes more low energy air in the passage. 
The high energy air now has less area to pass through. This 
partial blocking of passage B causes upstream air to be diverted 
ts blade passages Aand ©. There is a time lag from the time the 
blade stalls until the upstream air feels this stall. The diversion 


ef upstream air causes the angle of attack on blade number 3 to 


aetils mibcnastiniatiiipentaiataanll .. 
6 teens OF 4 SEM Sovom Bde tom ho +h aRmmntindes © 
“QD aqin us WA Fenewioek emmemeny «iF wahyer a amet OE ie 


21 
Secondly, they were available at the beginning of these tests, 
which meant that the test set-up could be checked quickly as to its 
adequacy for this investigation. In addition, results of C-14 blade 
runs would give seme clue as to the trend of experiments to be 
followed in the future. 

Upon completion of the investigation of the C-l4 
blades, it was decided to try a NACA 05-(1Z) 10 blade, This blade 
reputedly had a gentle ¢-~ curve near the stall point, as shown in 
Fig. Ida. This decision involved the present theory of rotating 
stall as explained in Seis, 3 and 4. For clarification, a quick re- 
view of that theory is presented here. 

A rectangular cascade is formed as showa in Fig. 15S. 
Assume an angle of attack, as shown, which is just below stalling; 
i.e., any increase in angle of attack will cause stalling. Further 
assume some small perturbation causes a transitery increase in 
the angle of attack of blade number Z. This causes blade 2 to 
stall, This stalling causes more low energy air in the passage. 
The high energy air now has less area to pass through. This 
partial blocking of passage B causes upstream air to be diverted 
to blade passages A and C. There is a time lag from the time the 
blade stalls until the upstream air feels this stall. The diversion 


ef upstream air causes the angle of attack on blade number 3 to 
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 imcrease and on blade number ito decrease. This in turn will 
cause blade 3 to stall, while blade 1 4s further away from the stall 
point. As passage C now diverts air to passages B and D, blade 

2 tends to unstall and blade 4 to stall. Therefore, this stall can 
be seen to be progressing upward. 

With rotating compressors, the motion of the wheel 
in Fig. 15 would be down, Recent experiments have shown the 
speed of rotating stall to be about 1/2 the wheel speed in the direc- 
tion of rotation. The vectors of Fig. 15 represent this condition, 

Going back te the gentle (-< curve of the NACA 
blades, it was reasoned that the best chance of floating back and 
forth between stalling and unstalling would occur when very small 
changes in iit produced a substantial change in the angle of attack. 
in other words, a emall change in energy produced comparatively 
big changee in angle of attack. Data published by the NACA is 
readily available on many airfoils. Of these airfoils, the NACA 
65~-(12) 10 has a very gentle G-« curve, 

Since the results of the NACA blades showed no ro- 
tating stall, it was decided te go to the opposite extreme. Con- 
sequently, flat plates were the next forms tried. These flat 
plates have 2 (-< curve something like Fig. 4b. Although 


separation occurred at the leading edge on the flat plates and the 
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whole passage war turbulent, mo rotating stall was found, 

Why was av rotating stall found at any time? 

The present theory of rotating stall mentions inertia 
and time lag, Since these two phenomena are both inherent and 
unavoidable, they were present in this test section. The flat 
plates were stalled with the flow in the passages turbulent at every 
operating condition. The NACA blades did stall, but the flow in 
the passages wae mostly laminar. The C-l4 blades reacted in 
both of these ways, but under different conditions. With a flow 
angle of ten degreev, the C-l4 blades were stalled and the pass~ 
ages turbulent. With a flow angle of twenty degrees, the C-l4 
blades were stalled with a negative angle of attack. Any condition, 
in between these extremes could be obtained by varying the flow 
angle. Laminar flow could be obtained between the extremes, 
Attempts to instigate a ratating stall were made by changing the 
masse flow, velocity, preseure, blade form, solidity factor, sepa- 
ration point and wake effects. 

Could the failure to find rotating stall be caused by 
poor instrumentation? The crystals were checked before and 
after each major run; at no time was there any trouble with them. 
No shorts. No grounds. No Yroken leads. The crystals picked 


up a constant tone after the runs as well as before. With ao 
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external amplifier, an approximate sine wave and random noise 
were obtained, With the same gain, the deflection produced by 
the random noise was greater than the deflection produced by a 
human being holding the leads. The deflections caused by the 
human being were 60 cycles, although he was not in immediate 
contact with any source of power. 

Concerning the run, described in the Procedure, 
which was made with the blades placed upon the crystals, there 
was no noticeable change in the oscilloscope patterns. If anything 
occurred, it was merely a rounding of the highest deflections. 
When a blede was centered directly over a crystal, the crystal 
was still partially in the passage. It was concluded that partial 
covering of the crystals had negligible results on the oscilloscope 
patterns. 

When the exhaust valve was closed slowly, the only 
effect wae to increase the compressor's pressure ratio until it 
surged. Nothing unusual occurred to the oscilloscope patterns 
or to the tufts, 

The tufts gave every indication that was expected of 
them including the eurge of the air compressor. (This surge was 
very low in frequency, approximately 11/2 cycles per second. ) 


Therefore, the authors don't believe it was 
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25 
instrumentation. 

If the foregoing is true -- and the authors sincerely 
believe itis -- then the answer must be sought elsewhere, 

 Analytically, there may be a lack or error in the 
theory. The authers don't believe there ie anything wrong with 
the theory ae far as it goes, but there is more to the theory than 
has been expounied. It has been suggested that the dynamics of 
rotation must enter, This is disqualified quickly by the British 
in Ref, 5, wherein rotating stall was obtained in o stationary 
diffuser, 

It appears that the phenomenon of rotating stall has 
the attributes of a self-excited but damped vibration of claseical 
mechanics, The energy source is present in the air stream. By 
analogy, the air contains the damping force and the spring force. 
The authors think that the unstable region of a gentle ¢-< curve 
as shown in fig. Ma would assiet in starting rotating stall, A 


decrease in the effective damping force would occur since there 


“would be Uttle energy dissipated by the damping force until the 


stalled region bad grown, 

There must be some instadility connected with ro- 
tating stall, Anything to increase that instability should aid in 
starting rotating stall, 
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_. Ithas been stated that the variables investigated by 
the authors were macs flow, velocity, pressure, solidity factor, 
angle of attack and blade form, These variables were not all al- 
tered individually; i,e., mass flow was varied, but other para- 
meters such as 0 APae and pressure changed at the same time. 
This procedure was followed for two reasons: 

{1} Time limitations prevented the altering 
of incividual factors, if the entire field 
wastobe surveyed. ss, 

(2) By accomplishing the outlined variations, 
combination.of factors would be discoy- 

| fagtor ov group of factors could be under 

The very method used suggests that the problem of 
rotating stall may be amenable to dimensional analysis, By _ 
Buckingharn's method, the parameters used by the authors could 
be non-dimensionalized. (The blade form parameter should be 
enlarged to include length, thickness, ¢-< curves, and size and 
length of the passage between blades.) By experimentation, the 
usimportant non-dimensional factors could be eliminated. 


od dloode vorermsteg mrol sbald s4T) .ovetienctsasesth-sen ed 
Las sole bae wovw> ~-) .apensinitt? .stgu0) abyloat of begrelas 
od) coletaamivegrs (e (.avhald aeewied sgaeasg ode ho dagasl 
Lotsa ec bees eretved lsacke mort -aon teetreqmaly 


pp ta i i 


~~ =" 


27 


Further experiments on important factors could then proceed 


more successfully. 


Ruapivically, it is believed that there are two ex- 


peas reac, os open for dasther Lavectigations 


(1) 


(2) 


Make new guide vanes for this set-up. 
These new guide vanes are to increase 


the flow angle. Then by putting flat 


olaiee in the diffuser at the proper in- 


cidence angle, the tbading edge of one 
plate weeld be out of the stalled region 
of the preceding plate. This study would 
show a better pnemenneen between the 
two & w curves, as discussed above. 
Last -- and most important! Set up the 
cqammens encountered in Ref. 5, where- 
in a rotating stall was » inadvertently pro- 
duced and was not further ete aery 
since this was a centrifugal diffuser, 
pre woheubte tafevenation should be ob- 
tainable from such a study, especially 
when compared with other present day 


experiments, 
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V. CONCLUSIONS AND Si COMMENDATIONS 


No rotating stall was encountered at any of the con- 
ditions investigated. These conditions included varying pressure, 
mass flow, velocity, blade form, solidity factor and angle of 
attack, The failure to produce rotating stall lies not in the set-up, 
but rather in a lack of some factor in the present theory, The 
lacking factor is not the dynamics of rotation. 
gion of the effective (< curve is needed. An analogy along this 
line can be made with seli-excited vibrations in classical mechan~ 
ics, | . , 

“A strong recommendation is made by the authors to 
apply the ‘tiethblts Of Buckiagiiat's dimensional analysis'to the 
problem of rotating stall, | i | 

Twe experimental fields for further study should be: 

{l) Increase the cascade flow angle when the 
flat plates are used, This will make the 
‘stalled region of one blade miss the lead- 

' ing edge of the adjacent blade, | 
(2) Reproduce and study the rotating stall 
produced in a stationary diffuser by the 


British in Ref. 5. 
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DETAILS OF THE C-14 DIFFUSER 


BLADES 
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Appendix A 
DETAILS OF THE DIFFUSER TEST SECTION 


The diffuser test section is mounted in a collector 
manifold as shown in Fig. lof the thesia, It is supported ~s the 
cover plate and the inlet guide vanes as shown io Fig. A-l, of | 
thie Appendix. , 
To disassemble the test section the following steps 
are required: | 
(t) Remove the gearing mechanism as 
own te Sle. Avk | 

(2) Senben the beld-dows tae around the 
cover plate. 

(3) hemave the aver plate. 

(4). Remove the test section. 

To remove the blade ring, tare the test section to a 
vertical position, Located on the back of the section are allenhead 
screws which hold the blade ring to the ones seian. After remev- 
ing the screws, the blade ring can be forced in oy inserting S 
aritt into the screw hekee. To assemble and remount the test eas: 
tion, the reverse of the presi procedure is followed. 

In order to rotate the test section the following 


procedure should be performed: 
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{lt} Turn the bronce thruet nut on the gearing 
mechanism clockwise to release the test 
section from the ¢over plate, © * 

(2) Turn the’crank, located onthe gearing” 
mechanism as ahown in Fig. A-L This 
wilt turn the test section te any desired 

)) pesttidaye Oo mo le biedes turn the gear- 

(3) To lock the test section in the desired 
position, turn the bronoe thrust nut coanter- 
clockwise until the test section is flush | 
agsinst the cover plate. This anchors the 
blades firmly, preventing Mutter, =~ 

In order te change the angle of flow it is Aécessary to 
rotate the nowsle blades, Thie is accomplished as follows: 

{l) Roughly align the nocsle blade angle indi- 
cating marks, located on the back of the 
test section, with the scribed line on the 
upper window of the two plexiglass win- 
dows, These windows are located on the 
back of the collector manifold, as shown 
in Fig. 2 of the thesis. 


(2) Lock the nor-le blade tarning ring. This 
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is done by turning the round -head screw, 
(located im one of the plexiglass mounting 
acrew holes), inte a hole thet should ve 


almost in line with the ecrew. The test 


) anation ty have to He moved élightly to 
insert the screw aap ised 


a # turn the weer 
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the flow nee ke ter minet. Tae ld 
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TION OF NACA 65-(12) 10 BLADES 


CONFORMAL TRANSFOR 


ow Bef, $ of the thesis givee the background, theory, 
and development of conformal transformation aa applied to cas- 
cades, This Appendix will show the step by step process of the 
conformal transformation, by means of a sample calculation. The 
point chesen is the 50% chord station of the upper surface. 

NACA Report 824 by Abbott and Von Doenhofi gives 
thie blade. The upper surface, ‘50% chord position ia found by acd- 
ing the mean camber ordinate, 6, 618, to ies basic thickness, 4.612, 
at this point. The result is that the ordinate ia 11.43 at station 50, 
both numbers in per cent chord. ‘Pig. B-la of this Appendix shows 
thie point plotted on the x"-y' axes, These x’ ~y’ axes are at a 
14,1 degree angle of attack, The reasén for this angle of attack is 
discussed in the thesis proper. ~' 

In order to use the conformal transformation for - 
mulae as developed in Ref, 5, it fe necessary to obtain the coor di- 
nates of all points referred to the x+y axes of Fig. B-la. From 
Fig. B-la it can be seen that; “pen. 
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Applying these equations to the point being considerey 


_ppebom($0. 000) (cow 14. 19)+(11. 430) (sin 14. 19) 
= SL. 27812 
¥ = (Ml. 430) (cos 14. 1°)- (50. 000) (ain 14. 1°) 
=< OFS. 
_ For the conformal transformation from rectangular 
coordinates to cireular coordinates such as Fig. B-lb, the author 


of Ref, 5, om page W, arrives at the iollowing equations: 
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 % ¥ = Peetangular coordinates 

@ = circular coordinate (radians) 

2 > emgle of logarithmic spirel with — 
| my tz) (, 2. tangential dire-tion. 

/ in the present case is 15°, while r=8.1 inches. 
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The authors of the thesia knew they wauted the Maal blade to exteni 


outward radially 4 distance of 1.4 inches. This sei 


te Bit 4 ie 
a= ‘oe Bl 7 L. 7305. 


Then knowing m= 9,36795, and af+ i= i. vilso, 


Gees! 
Wi7Z’s =e 
er at station 10°, 
1} Kisan-y) = 6.17075 


The values of x and y at station Lv are sours in the same way as 
x aad y for the 50% chord station. When the station 100 values of 
a and y are substituted into equation I), the result is a factex, K, 
meeded for the radial distance aesives. All valucé of & and y are 
then multiple: by this factory betere substitution inte equations 1) 
ami 2). Thies factor, K, tarned out to be 0. OU359152. 


Then for the 50% upper chord station, 
re 0.00 33713 
R=(@j)e (REN 


@. 26195 XS1.278) - - 1.095 a] (0.0033 97/3) 
701 86 


2@.1)e 


=84S7 


@ in degrees, measure) counter-clockwiee from the leading edge 


of the blade is: (724) (0.0033913)(57.27578) 


1G 278 
. Sees heaen) F527 *| (0.0033913)(57.2°5 78) 


1. O71 GO 
= £7068 degrees. 
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Therefore, in the circular cascade, the transformed 
x, = 8, 489 
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, * P “ - teks Appeniis "7 i q >» ae - “w 
BARIUM TITANATE CRYSTALS 


There wag insufficient Uterature available to learn 
the capabilities and Memitetions of the barium titanate crystals — 
which were available, In order to learn these capabilities and — 
Umitetions,; some experiments vere undertaken, © 9 

One cryet2l was hooked te an omciNescope. A quick 


check showed that the crystal was responsive to whistled or spoken | 


noice, but insensitive ts etea4y blowing, A variable speed elec- 
tric moter was fitted wih a stiff plese of cartboard. ‘This tarda 
Board wes circular with n radius of seven inches. It had a one inch 
#lot oat tn one @icte. By plecing @ fan on one site of the cardboard 
anid the crystal on the other, the range of sensitive frequencies of 
the crystals soul! be found. The speed of the cardboard disc was 

ed. The bottom frequency of response readable on the oscillo- 
Scope was approximately five cycles per second. Waing musical 
tones, the -rvetale responde to 5009 cycles, and apparently would 
respond te higher frequencies. 

- Respanse to musicel tones wae sufficient proof that 

the orystals would respond to the changes in pressure iue to stall, 


if that stall occurre® faster than five cycles per seceni, Since 
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steady pressure measurement? were not cecirel, but pressure 
fluctuations were, it was decided that these ag would serve 
the thesis napanlenater very wot 

After two months of use, some of the crystaia started 
to lote their polart»ation. Repolarivation of the crystals consis - 
Cites ening ie vows 0. C. apposite polarity on each of the 
two leads, we’ a weld on the brace eet The crystals were then 
heated to 265 4egrees ‘Fatrenbeit, ela there for fifteen minutes 
and then allowed to cool slowly with the wotege attil applied, 

Mose calibration of the crystal: is very difficult. 
For that reteon, they are poor for quantitative measurements, al- 
though for qualitative pressure Mactumtion measarements they are 
suitable. Besanse of thetr sensitivity, the crystals rust be 
shielded and mounted securely in the teat set-up. 

‘Tests were made with the crystals in perallel ana it 
wat seen that there was no feddhack Sisvernible. Since the 
crystals could be selected for nearly the same sensitivity, when 
sai paraltel, simultaneous pressure fluctuations on more than 

one crystal <di4 bexihe of ane oscillortcpe, This is because the 
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cryatals generate an 4Anae whi & sapevidentedty equal. 
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Ae P. ‘Appendia dD, © 
he Be oA We BCI Wy ie zt ore: 
OPERATING POINT CALCULATIONS 
urging ee he oe oe popet 2.49 ie by-pass VAL 4 oe ae 22 GA 


ois o -This praseiuve wasifollowed in-determining and — 


Se 
fetting an »perating point. Equations to be used are fyund on 


Fig. ofthe thesis. They are repeated here tor convenience: 
Ln £- fe = fx 
oi F 4 4 2% * 2A 
} Tg = 2.67% 10 > eee 
na; = 2,6 Ae V Tox 
The date ef the selected run was May 12, 1954. The 


ther ciere 


operating a = lesived lea namber 4 of Table I of the ase -~ 


8 G4 yatio amc extes flew + od 
= 2,20; 7, 2 ‘418: MPP = i ‘300, ‘Bapemetele pressure wae 
é w 6esige0 opereting porot, Se De Atel Tee 
30. 27 laones of aveury. or 14.83 oeia. Room temperature was 
ah ty » m otts apt te ie Gee 4 Tie we Uyty ay bite ary BUMte were: 
74° r. The readings teleon were B, (gage), & enltage), 7 or ond RPM, 
» rutie =f, 
Following the snethed outlined | . a Procedure Sec- 
Lee 2 Ee ve 
tion, the compressor was brought op te 3008 RPM. the anmees 
"2b Ree AL Cee ¢ ORES BRK romtret | ORL > we med be 
pheris intet vatve te the fount was daeed. 
of tite iM GRP He jag pobm white & Gurvey w A pie St 


When steudy-stnte pees eal were ag ee ae he fol- 
6@ 040 
lowing readings were taken: 


RPM =3000, FR, = -?.3 psig, B= «6.8 peig, T,, = 65°F 


R= CEG- OE. 
eee Cee 


-3 
Taz, = 2.67 X/O $8898 - 9,350 
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at thie point, MFF= 0. 215 
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As P and T,.. were low, the RPM was raised. As 
the APM was increasing, the compressor started to surge. This 
surging necessitated opening the by-pass valve to keep the actual 
operating point below the surge line. Conditions steadied gown at 
3550 RPM. Then the following readings were taken: 


RPM~=3550, BP_- 3.3 peig, P, = -6.7? psig, TT, = 06°F 


ol 


+ ER eae 
Pr [0 as ie eal 


W,.= 267 x1o” | 384 O41 
. $26 
Therefore, MFF -6.295 
These values of pressure ratio and mass flow factor 
were close enough to the desired operating point, to be within the 
arbitrary limits set in the thesis, These arbitrary limits were: 
Pressure ratio =6, 05 
Mass Flow Factor =0§. 025 
Conditions at the compressor control board were held 
at the desired operating point while a survey was made at the test 
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